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Formation processes of self-organized CdTe quantum dots ~QDs! grown on ZnTe ~001! substrates
by molecular beam epitaxy were studied. In situ reflection high-energy electron diffraction
~RHEED! was used to study the initial growth processes and strain relaxation behaviors of CdTe
QDs. The growth process of CdTe layer at the initial stage can be divided into three stages: ~1! stable
two-dimensional ~2D! growth, ~2! metastable 2D growth just before the QD formation, and ~3! QD
formation. It was found that the critical thickness for the 2D–3D transition is about 5.5 monolayers
~ML! at the growth rate of 0.12 ML/s. The results of photoluminescence ~PL! and m-PL agree with
the RHEED observations. In addition, by investigating the dependence of PL peak energy on the
growth temperature, we found that interdiffusion between the cations ~Cd and Zn! is activated at a
higher growth temperature. © 2002 American Institute of Physics. @DOI: 10.1063/1.1513888#I. INTRODUCTION
The self-assembled quantum dot ~QD! structures cur-
rently attract great interest, because they provide opportuni-
ties for studying new phenomena in solid-state physics as
well as developing new photonic device applications.
The strain-induced QDs are formed as the thickness ex-
ceeds a critical thickness, where the growth mode switches
from a two dimensional ~2D! growth to a three dimensional
~3D! ~Stranski–Krastanov mode! one.1 The critical thickness
depends mainly on lattice mismatch of the material system
and also on the growth conditions, such as substrate
temperature.2 However, in comparison with III–V QD
systems,3–5 the formation process and the influence of
growth condition on the properties of II-VI QDs have not
been well-understood yet.6 Furthermore, only a few reports
are available for optical properties of the CdTe QD
structures.7 Since the CdTe/ZnTe heterostructure has almost
the same lattice mismatch as InAs/GaAs and CdSe/ZnSe, it
is a good candidate for the study of the self-assembled pro-
cess.
In order to fully understand the formation process of
self-assembled QDs, both in situ and ex situ measurements
are needed. In this study, we have investigated the formation
process and the influence of growth temperature of CdTe
QDs by reflection high-energy electron diffraction ~RHEED!,
photoluminescence ~PL!, and m-photoluminescence ~m-PL!.
Using RHEED, we can obtain information about the layer
thickness from the intensity oscillations, the surface lattice
parameter from the diffraction spot position, and the growth
mode from the diffraction pattern. While PL and m-PL pro-
vide the information on QD structure through optical prop-
erties.
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The CdTe QDs were grown on ZnTe ~001! substrate8 by
molecular epitaxy ~MBE!. The entire growth process of
CdTe was monitored by RHEED. The RHEED images were
captured by CCD camera, and the in-plane distance between
the spots or streaks was measured.
HF treatment and two-step growth were employed to
achieve high quality homoepitaxial ZnTe growth.9 A 20-nm-
thick ZnTe low-temperature buffer layer was grown at 230–
240 °C, and a 1-mm-thick ZnTe high-temperature buffer
layer was grown at 290 °C to obtain an atomically flat sur-
face. After the growth of the ZnTe buffer layer, the growth
temperature was changed to the growth temperature of CdTe
at 250 °C under Zn exposure, and a thin CdTe layer was
grown to form QDs. On the ZnTe homoepitaxy layer, CdTe
deposition was started simultaneously by opening both Cd
and Te shutters, and the deposition rate of CdTe was con-
trolled by monitoring RHEED intensity oscillations.
PL measurements were performed in a close-cycle He
cryostat at 10 K suing the 488 nm line of an Ar1 ion laser as
an excitation source. The luminescence from the sample was
dispersed by a 32 cm monochromator and detected by a pho-
tomultiplier tube using a standard lock-in technique. m-PL
measurements were carried out using the 488 nm line of an
Ar1 ion laser that was focused onto the sample to be 1 mm in
diameter by an objective lens of an optical microscope.
III. RESULTS
A. Growth process of CdTe QDs
Figure 1 shows the variation of intensity of the specular
spot ~a! and the surface-lattice parameter for the @110# inci-
dent azimuth ~b! during CdTe growth at 250 °C. The shutters
of Cd and Te were opened at 5 s to initiate CdTe growth, and
the Te shutter was closed at 7.5 monolayers ~ML! ~70 s! to0 © 2002 American Institute of Physics
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the Cd shutter was kept open. The surface-lattice parameter,
which is proportional to the inverse of the distance between
the ~10! and ~1¯0! diffraction rods, can be directly measured
from the RHEED patterns. Until 4 ML deposition, the
RHEED intensity oscillation is clearly observed and the sur-
face parameter shows slight gradual increase, which indi-
cates that the CdTe layers grows in a quasi-2D layer-by-layer
growth mode, and 2D islands slightly relax laterally. The
RHEED intensity oscillations almost disappear beyond 4 ML
deposition and the surface-lattice parameter increases very
slowly, indicating that the CdTe surface becomes rough. Af-
ter 5.5 ML deposition, the RHEED specular spot intensity
decrease rapidly and the surface-lattice parameter begins to
increase remarkably. Furthermore, RHEED pattern changes
to a spot pattern, which indicates that the 2D growth mode is
terminated and that the CdTe layer grows in a 3D mode.
When the deposition proceeds up to 7.5 ML, increase rate of
the surface-lattice parameter begins to slow down.
In order to investigate the growth process in more de-
tails, the deposition of CdTe layer was stopped at 2, 3.5, 4.5,
5.5, 7.5, and 9 ML. We compared the surface-lattice constant
just after stopping the deposition and after 5 min annealing.
Figure 2 shows the relaxation rate surface-lattice constant ~R!
of CdTe layers grown at 250 °C as a function of CdTe cov-
erage. We define R as
R~% !5
a2aZnTe
aCdTe2aZnTe
3100, ~1!
where a is the surface-lattice parameter of CdTe measured
from a RHEED pattern, aZnTe is the lattice constant of bulk
ZnTe, and aCdTe is the lattice constant of bulk CdTe. The
squares in Fig. 2 indicate the relaxation rate just after stop-
ping the deposition at each layer thickness (Ra) and the
circles indicate the relaxation rate after 5 min annealing
(Rb).
The behavior of Ra is the same as we have seen in Fig.
1. On the other hand, Rb is almost identical to Ra until about
4 ML. However, after 4.5 ML deposition, the Rb begins to be
larger than Ra and this increase fades within 9 ML. These
FIG. 1. RHEED intensities of the specular spot ~a! and the surface-lattice
constant estimated from distance between the ~10! and ~1¯0! spots at the
@110# incident azimuth of ~b!.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toresults can be interpreted as follows. The surface morphol-
ogy of CdTe/ZnTe varies to minimize surface energy plus
strain energy ~total energy! as a function of CdTe thickness.
At the beginning of the CdTe deposition, 2D CdTe layer
covers the ZnTe surface because the surface energy density
of CdTe is smaller than that of ZnTe and the decrease in
surface energy is larger than the increase in strain energy. As
the CdTe layer grown to a few ML, however, the decrease in
surface energy stops but the increase in strain energy is pro-
portional to the layer thickness. The strain energy then starts
to govern the total energy and the surface morphology. Since
the 3D islands have freedom to relax the strain laterally,
another local minimum of the total energy appears at a 3D
morphology. It is considered that this local minimum be-
comes deeper and the energy barrier between these 2D and
3D morphologies decreases with increasing CdTe deposition.
However, the local minimum does not appear or the barrier is
too high to overcome at the growth temperature below about
4 ML and the 2D layer is stable. Above 4 ML, the barrier
becomes lower and the transition from 2D to 3D proceeds
very slowly. At about 5.5 ML, the barrier becomes low
enough to detected the transition during deposition. Finally,
the energy barrier between these two disappears at about 9
ML and the CdTe layer undergoes the transition immediately.
B. Dependence of PL spectra on the deposition
of CdTe and growth temperature
In addition to the RHEED observations used to charac-
terize the formation process and strain relaxation, we inves-
tigated optical properties of the samples with different CdTe
deposition by PL and m-PL. Figure 3 shows the PL spectra of
different CdTe deposition grown at 250 °C, followed by the
annealing for 5 min, and the sample was capped with 10 nm
ZnTe. The PL spectra of 2 ML growth have an emission at
2.968 eV with a full width at half maximum ~FWHM! of 8
meV. However, the PL spectra from 3.5 to 7.5 ML growth
have broad peaks. In order to investigate in more detail, we
measured m-PL. Figure 4~a! shows m-PL spectrum at 5 K of
5.5 ML deposited CdTe. This m-PL spectrum shows discrete
peaks, which indicate the formation of QDs. Figure 4~b!
FIG. 2. Differnce of the relaxation of surface-lattice constant ~R! between
just after growth and after 5 min annealing. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the spectrum of the macro-PL of 3.5 ML growth is composed
of two components. Usually, the narrow high-energy peak
and the broad low energy peak are attributed to the relation
of wetting layer and QDs, respectively. However, since this
m-PL spectrum does not show any discrete peaks, it is likely
that 3.5 ML CdTe layer is a kind of rough 2D layer.
The optical properties of CdTe QDs depend also on the
growth temperature. The surface diffusion of adatoms affects
the structural and the optical properties of QDs. Figure 5
shows PL spectra of four samples with 5.5-ML-thick CdTe
grown at different substrate temperatures ~230–290 °C!. The
RHEED intensity oscillations were observed up to 5.5 ML,
except for the one grown of 230 °C. For temperatures higher
than 290 °C, the RHEED intensity oscillation period was
elongated then disappeared; the growth rate reduction is in-
dicative of desorption of Cd.10 The PL peak position shifted
to the high energy side with increasing growth temperature.
In addition, the PL intensity of the sample grown at 230 °C
dropped sharply in comparison with the ones at 250–290 °C.
In order to get more insight, we have measured m-PL. Figure
6~a! shows the m-PL spectrum at 5 K of the sample grown at
270 °C. This m-PL spectrum shows discrete peaks which re-
flect d function-like density of states and indicates the for-
FIG. 3. PL spectra at 10 K for different CdTe mean thicknesses grown at
250 °C.
FIG. 4. The m-PL spectra ~5 K! of ~a! 5.5 ML and ~b! 3.5 CdTe.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject tomation of QDs. Such discrete peaks are observed in 250–
290 °C grown samples. However, the m-PL spectra of CdTe
grown at 230 °C @Fig. 6~b!# do not show a discrete energy
spectrum. This result indicates that QDs are not formed due
to insufficient migration of adatoms at 230 °C.
IV. DISCUSSION
It is useful to look more carefully at some of the impor-
tant features of both RHEED observations and PL results. In
Fig. 7, the solid line indicates the calculated interband tran-
sition energy of e1–hh1 excitons for ZnTe/CdTe/ZnTe QWs
as a function of CdTe thickness. The solid squares and the
solid circles indicate the thickness dependence and the
growth temperature dependence of the PL peak position, re-
spectively. This comparison between the experiments and the
calculations clearly agrees with the RHEED observation re-
sults as follows. The peak positions of 2 and 3.5 ML growth
are consistent with the calculation results since the CdTe
layers grown in a 2D layer-by-layer growth mode up to about
4 ML, since the growth mode changes from stable 2D to
metastable 2D. Above the deposition of 4 ML, the PL peak
position begins to separate from the calculated results and
the FWHM of PL begins to be broadened.
FIG. 5. PL spectra at 10 K for 5.5 mL CdTe grown at different growth
temperatures.
FIG. 6. The m-PL spectra ~5 K! of 5.5 ML CdTe grown at ~a! 270 °C and ~b!
230 °C. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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mode is terminated and the CdTe layer starts to grow in a 3D
mode even during deposition. As a result, the CdTe QDs are
formed by the self-assembly mechanism. For the deposition
up to 7.5 ML, the relaxation rate approaches the maximum
due to the increase in size, density, and the aspect ratio
~height/base! of QDs. The PL peak position of 7.5 ML shifts
to low energy due to the change from small QDs to large
QDs.
Next, we investigated the growth temperature depen-
dence of PL properties in detail. In the case of the growth at
230 °C, it is reasonable that the PL peak position agrees with
the calculation, since a QD is not formed, but QW is. How-
ever above 230 °C, the peak position shifted to high energy
side with increasing growth temperature. It is difficult to ex-
plain this phenomenon by the changes in dot density and dot
size. In the case of InAs QDs, the dot size becomes larger
and dot density decreases with increasing growth tempera-
ture due to the increase of diffusion length of adatoms. As a
result, the PL peak shifts to the lower energy side.2 In our
case of CdTe QDs, the peak shifts to the higher energy side.
FIG. 7. The PL peak position at 10 K as a function of CdTe thickness
~deposited amount! and growth temperature. The thick solid line indicates
the calculated the transition energy of e1–hh1 excitons for CdTe/ZnTe QWs.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toThis behavior can be explained in terms of interdiffusion
between cations ~Cd and Zn! at a higher growth temperature.
V. CONCLUSION
We have observed the initial stage of the growth and the
formation of CdTe QDs by in situ RHEED and ex situ PL,
m-PL. After 5.5 ML growth, the CdTe layer growth mode
changes from 2D mode to 3D mode rapidly, and the strain
energy stored in the 2D layer is released by developing the
QDs. Up to 4 ML, the 2D layer is stable, while it is meta-
stable and 3D structures gradually develop after the stop of
the deposition between 4 and 5.5 ML. This result agrees with
the PL and m-PL result.
The QD PL peak position shifted to higher energy side
with increasing growth temperature. These phenomena can
be explained in terms of interdiffusion between the cation
~Cd and Zn! at higher growth temperature.
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